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Abstract
Establishing a dosing regimen that maximizes clinical benefit and minimizes ad-
verse effects for novel therapeutics is a key objective for drug developers. Finding 
an optimal dose and schedule can be particularly challenging for compounds 
with a narrow therapeutic window such as in oncology. Modeling and simulation 
tools can be valuable to conduct in silico evaluations of various dosing scenarios 
with the goal to identify those that could minimize toxicities, avoid unscheduled 
dose interruptions, or minimize premature discontinuations, which all could 
limit the potential for therapeutic benefit. In this tutorial, we present a stepwise 
development of an adaptive dose simulation framework that can be used for dose 
optimization simulations. The tutorial first describes the general workflow, fol-
lowed by a technical description with basic to advanced practical examples of 
its implementation in mrgsolve and is concluded with examples on how to use 
this in decision-making around dose and schedule optimization. The adaptive 
simulation framework is built with pharmacokinetic, pharmacodynamic (i.e., 
biomarkers, activity markers, target engagement markers, efficacy markers), 
and safety models that include evaluations of unexplained interindividual and 
intraindividual variability and covariate impact, which can be replaced and ex-
panded (e.g., combination setting, comparator setting) with user-defined mod-
els. Subsequent adaptive simulations allow investigation of the impact of starting 
dose, dosing intervals, and event-driven (exposure or effect) dose modifications 
on any end point. The resulting simulation-derived insights can be used in quan-
titatively proposing dose and regimens that better balance benefit and adverse ef-
fects for further evaluation, aiding dose selection discussions, and designing dose 
modification recommendations, among others.
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INTRODUCTION

Clinical dose and schedule selection are critically im-
portant in the development of novel therapeutics and 
drug combinations irrespective of the therapeutic area. 
For some compounds, in particular those that have a 
wide therapeutic index (i.e., a benefit/risk constant over 
a reasonable dose/exposure range) a single dose and 
regimen may be applicable to a large patient popula-
tion without a need for dose adjustments. However, for 
other compounds, dose and regimen adjustments may 
be required for specific patient populations or need to be 
adjusted during treatment because of adverse events or 
the need for careful titration of therapeutic effect. These 
could be compounds with a narrow therapeutic index 
and also compounds for which the exposure or phar-
macology changes significantly as a result of intrinsic 
or extrinsic factors. Perhaps the most well-known drug 
with a narrow therapeutic index is warfarin, for which 
its therapeutic effect (anticoagulation) is monitored reg-
ularly based on which patients receive individualized 
dosing recommendations.1

In oncology, targeted therapies with a narrow therapeu-
tic index have often high rates of (unscheduled) dose in-
terruptions and dose reductions to manage adverse events, 
which could limit the potential for therapeutic benefit.2 
The US Food and Drug Administration's Project Optimus 
initiative to reform the dose optimization and dose selec-
tion paradigm in oncology drug development has brought 
the challenge of finding a dosing regimen that maximizes 
clinical benefit and minimizes (chronic) adverse effects 
to the center of attention.3–7 The recently released draft 
guidance on oncology dose optimization recommends 
characterizing the pharmacokinetics (PK), activity, safety, 
and tolerability across multiple dosages and that dosages 
selected for administration in a clinical trial should be 
adequately supported by data appropriate to the stage of 
development for each indication and usage.8

If emerging clinical data indicate that a particular com-
pound will likely require dose modifications or a withhold-
ing of doses during treatment to manage either tolerability 
or suboptimal efficacy, the use of adaptive dose simula-
tions can be valuable to investigate the benefit of planned 
schedule changes, intermittent schedules, and adaptive 
dose titration to balance benefit and chronic adverse ef-
fects. This requires the generation of PK, pharmacody-
namics (PD), efficacy, and safety models using emerging 
clinical data across a range of different doses as is typically 
collected during phase I trials9 or using a combination of 
clinical and preclinical data.10 The simulation insights 
can be used to address dosing regimen–related questions 
throughout drug development, whether it is for the design 
of a new clinical trial or to update dose recommendations 

in specific patient or treatment groups based on experi-
ence in the postmarketing setting (Figure 1).

In this tutorial, we introduce stepwise how an adaptive 
dose simulation framework can be set up for compounds 
that could benefit from dose modifications to manage tol-
erability, address suboptimal efficacy, or target specific ex-
posures. We first introduce the general workflow, followed 
by a technical description with practical examples of in-
creasing complexity of its implementation in mrgsolve 
(https://mrgso​lve.org/). We conclude by discussing how to 
integrate the derived knowledge into decisions about dose 
and dose regimens. It should be noted that this tutorial 
does not go into statistical criteria, power calculations, or 
trial enrichment per se,11 but the framework itself is com-
patible with these purposes. Neither is individualized pre-
cision dosing part of the tutorial, but insights gained using 
a framework can inform decision-making on whether in-
dividualized dosing should be considered.

GENERAL WORKFLOW

Once a need is identified to explore dose and regimens 
that include event-driven dose modifications during the 
duration of treatment, a general workflow is proposed 
that includes (1) engaging a multidisciplinary team to 
define the objectives that address the key question(s) and 
align on the framework components, (2) collecting infor-
mation around the framework components, (3) setting 
up the technical framework and simulation of scenarios, 
(4) sharing simulation results addressing the objectives 
with team. Figure 2 aims to capture this iterative work-
flow schematically. In the supplemental material (Appen-
dix S1), a checklist of potential questions is provided that 
can help guide the construction of a specific framework. 
It should be noted that this framework is generally appli-
cable to any modeling and simulation activity that needs 
multidisciplinary team collaboration.

Engage the team

The first step in the practical execution of an adaptive 
dosing framework is the formation of a multidisciplinary 
team. This team should at a minimum consist of a clini-
cian, clinical pharmacologist, a pharmacometrician, and 
other relevant members of the project team, such as a 
statistician to discuss the objectives for the adaptive dose 
simulations. In this team, the objectives and desired out-
come of the adaptive dose simulation framework should 
be clearly defined. What are the key questions that need 
to be addressed? Is it to explore dose and schedule options 
to be included in the design of a new clinical trial, or to 

https://mrgsolve.org/


1604  |      HOOIJMAIJERS et al.

investigate the impact of starting dose and dose modifi-
cation recommendation on the overall predicted outcome 
(efficacy, safety, or both), or to understand the overall com-
pound (manufacturing) demand for a clinical program, or 
to provide justification for dose and schedule recommen-
dations, or something else? Sometimes the objective dis-
cussion may need to be preceded by a more educational 
session on the benefits and limitations of modeling-and-
simulation activities and what valuable insights an adap-
tive dose simulation framework could deliver.

When the objectives are clear, the next steps are to de-
fine the framework components, understand the intended 
patient population, explore and define decision criteria 
for dose adaptations, align on clinically feasible dose ad-
aptation options to investigate, and define simulation out-
comes that address the questions. This is expected to be an 
iterative process that may require multiple team meetings; 
therefore, expectation management needs to be a recur-
ring component of these interactions. It is important to 
consciously select the characteristics (e.g., demographics, 
disease state, clinical parameters, covariates, inclusion 
and exclusion criteria) of the relevant patient group(s) to 
allow definition of the correct assumptions around the 
PK, PD (i.e., biomarkers, activity markers, target engage-
ment markers, efficacy markers), and/or safety models to 
be used in the simulations. In addition, the selection of 

quantifiable clinical decision criteria and predefined dose 
adaptation rules are important. Although a large variety 
of configurations for adaptation criteria and dosing rules 
can be implemented, subjective criteria at the discretion 
of the treating clinician cannot. In addition, ad hoc modi-
fications to decision criteria may have a substantial impact 
on the timing and delivery of results. Clinicians should 
therefore be encouraged to work out a consensus on the 
(potential) clinical decision criteria for dose adaptations 
very thoroughly at an early stage. Note that the selection 
of different subsets of patients may facilitate resolution of 
disagreements among clinicians by formalizing situations 
in which a clinician might be tempted to diverge from a 
standard treatment protocol for a specific patient. Possible 
iterations and modifications to decision criteria may be 
discussed as the amount of knowledge increases based on 
initial adaptive simulation results and evolving insights 
from early data. In theory, there is no limit to the num-
ber of markers or dosing decisions, but the complexity of 
implementation and quality control, duration of simula-
tions, and time required to output the results will increase 
exponentially. Flowcharts are a useful tool to keep track of 
different decision criteria and dose adaptation pathways. 
Updates of these charts can be used to keep track of dis-
cussions over time, which become more valuable as the 
objectives increase in complexity. In addition, the team 

F I G U R E  1   Schematic overview of adaptive dose simulation framework. AE, adverse events; PD, pharmacodynamics; PK, 
pharmacokinetics.
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should agree on what would be insightful summaries and 
visualizations of the simulated results. Finally, additional 
project management-related items should be discussed as 
well, for example, including whether to prepare an analy-
sis plan, what the expected timelines are, who the project 
manager will be, and with what frequency additional team 
meetings should be called. It is advised to start this align-
ment process early as the combining of all input sources 
and the discussion process itself can be time-consuming.

Gather information for 
framework components

The next step involves the preparation of an overview of 
all components required for the technical implementation 
that includes defining relevant end points, summarizing 
available data, models, and options for dose modifications 
but also potentially analyzing data to develop additional 
models. The core of this overview is formed by defining 
the PK, PD (including biomarker, activity, efficacy), and 
safety data of interest, whose definition and selection can 
be taken from sources such as study protocols, clinical 
experience, competitor information and registration dos-
siers, and conference abstracts and presentations. Based 
on these, an exploration of available data and models can 
be done internally and if applicable on publicly available 
literature. If unavailable or not yet suitable, models may 

need to be developed or updated. Pharmacometricians are 
equipped to evaluate the quality of the available models 
considering the criteria and outcome measures as defined 
in the team engagements, and the outcome of such an as-
sessment can affect the choice of markers to guide the dos-
ing adaptations. Therefore, in practice an iterative process 
of team engagement and the technical discussion on data 
and model quality occurs, gradually refining and updating 
the plan as more insight into its feasibility and weaknesses 
is gained. In addition, new information may come in over 
time from various internal and external sources, which 
can also prompt reevaluation of criteria, decisions, and/or 
simulation designs.

Set up the technical framework

Following the team engagement meetings, the techni-
cal implementation involves preparation of a list of 
practical simulation settings (e.g., events, criteria and 
dosing implementations, including their specific tim-
ing, thresholds), with a proper bookkeeping of events. 
The feedback to the team forms a highly recommended 
check to see whether the results of earlier discussions 
were clear and correctly interpreted. In addition, a 
graphical representation of the available data and/
or simulations can be created using available models; 
such illustrations can be used to assist and guide team 

F I G U R E  2   General workflow of setting up an adaptive dose simulation framework. This workflow is iterative, as new insights may 
trigger new questions, additional data generation, new model updates, and new simulations. PD, pharmacodynamics; PK, pharmacokinetics.
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discussions on the limitations of available models and 
data and on the suitability of assumptions posited in the 
team meetings. Practical settings for the simulations 
that result from team discussions also include aspects 
such as the number of subjects, the number of visits, the 
duration of simulations, the number of sampling times, 
the choice to include parameter uncertainty, interindi-
vidual variability and/or residual unexplained variabil-
ity, and other technical aspects. Graphical illustration of 
the impact of these different choices takes time, but it is 
recommended to focus team discussions and come to an 
agreed-upon list of technical specifications. Examples 
on a step-by-step setup are provided in the Technical 
Workflow section of this tutorial.

Discuss results with the team

Once the simulations are completed, the results are dis-
cussed with the team, in view of their usefulness in ad-
dressing the original question(s) for which the framework 
was designed. In practice, the results may prompt new 
insights or assumptions that can result in modification of 
assumptions, simulation parameters, and other aspects, 
in which case the described steps can be performed once 
more. The results from basic designs can often be reported 
using simple tabular summary statistics of, for example, 
the fraction of patients experiencing a dose adjustment 
within a particular period, the average dose over the simu-
lated interval, the time to dose adjustment, the summary 
of benefit (PD, activity, efficacy) and risk (safety) during 
the treatment duration. However, for more complex de-
signs, a correct and informative presentation of the re-
sults may require complex graphical representations, for 
instance, when wanting to have a comprehensive look at 
the balance between efficacy and safety of different doses 
and dose regimens along with dose modifications or when 
comparing against an existing treatment. Dummy exam-
ples summarizing the output of these complex designs 
can be discussed with the team at an early stage to man-
age expectations and to start early with the script-based 
refinement of such plots, which may be time-consuming. 
Different graphical outputs are compatible with this 
framework.12–14

TECHNICAL WORKFLOW

Basic setup

This tutorial is based on simulations of PK, PD, and safety 
profiles in R15 using the open source mrgsolve pack-
age.16 This package allows simulations from hierarchical, 

closed-form solutions and ordinary differential equation 
(ODE)–based models that are widely employed in the 
pharmacometrics community to support drug develop-
ment. Although alternative implementations of adaptive 
simulation frameworks are viable (e.g., NONMEM,17 nl-
mixr2/rxode2,18,19 OptiDose20), we chose mrgsolve for the 
following benefits: (1) the C++ − based coding provides fast 
output compared with alternatives, with well-established 
and tested integration into R; (2) the free and open source 
nature facilitates dissemination of this framework and pro-
vides opportunities for collaboration and wide applications; 
(3) the package can be integrated with commonly used R-
based packages for data management (dplyr), plotting 
(ggplot, lattice), and user interface (Shiny); and (4) 
implementation and coding of the model and its param-
eters are compatible with output from NONMEM.

Using the mrgsolve package requires defining the un-
derlying model, as well as a command section that defines 
the input conditions and output specifications. The basic 
command setup and syntax is quite instinctive and com-
prises the following sections:

library(mrgsolve)� (1)

mod <- mread_cache("pk1", modlib())� (2)

mod� (3)

param(mod)� (4)

evnt <- ev(amt = 100, ii = 24, addl = 9)� (5)

out <- mod %>% ev(evnt) %>% mrgsim(end = 480, 
delta = 0.1)� (6)

out� (7)

plot(out)� (8)

1.	 Loads the mrgsolve package.
2.	 Reads-in a model file (pk1) from the available library 

or can be substituted by a user-defined model code. 
The user-defined model syntax resembles the one of 
NONMEM, and as such includes, for example, the 
definition of model parameters (fixed effects and inter-
individual, interoccasion, or residual unexplained vari-
ability), ODEs—if needed—describing the kinetics in 
a variety of compartments, and a specification of the 
relevant output, including calculation of derived pa-
rameters if desired.

3.	 Prints overview of the model (mod).
4.	 Prints parameters from the model.
5.	 Defines interventions or events (evnt). Only dose re-

cords are defined in this first example, but other events 
affecting model outcome can be inserted. An exter-
nally prepared data set can also be read-in instead. 
In this example, 10 dose records (current dose + 9 ad-
ditional doses, addl = 9) of 100 dose units (amt = 100) 
with an interdose period of 24 units (ii = 24) are simu-
lated, without additional non–dose-event records.
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6.	 Performs simulations. Model (mod) and events (evnt) 
are the arguments of the mrgsim function that per-
forms the actual simulation. The timeframe for obser-
vation timepoints of PK or PD compartments is defined. 
In this example, evaluation of the output is requested 
every 0.1 time units (delta = 0.1) up to and including 
480 time units (end = 480) after the start.

7.	 Prints high-level overview of results (out).
8.	 Plots the results. Output can also be further processed 

using default R coding.

A full description of the model syntax as required by 
mrgsolve is outside the scope of this tutorial. A descrip-
tion of this is available in supporting documents online 
(https://mrgso​lve.org/vigne​ttes/), and a more extensive 
example is available in a published tutorial.21

The stepwise build-up of the adaptive simulation 
framework is presented from simple to complex exam-
ples. First, the basic principles of adaptive dosing in 
mrgsolve are presented for a single subject where a dose 
is modified when the plasma concentration (CP) goes 
above a specific threshold22 [Adaptive_simple]. This can 
be evaluated either continuously (i.e., first occurrence) 
or evaluated at a pre-specified timepoint (Example 1). 
This can be further expanded to a simulation in which 
the dose modification takes place within a specific time-
frame (Example 2). Beyond this, we continue to show 
how to include various components (e.g., PK, PD, and 
safety models) and how a safety marker can drive a dose 
modification (Example 3). Subsequently, more com-
plex frameworks are exemplified in which the dose is 
stopped and/or reduced based on regular evaluations of 
more than one safety marker (Example 4) or with evalu-
ations at various time intervals (Example 5). In the final 
example, a full adaptive dose simulation framework 
including interindividual and interoccasion variability, 
covariate effects, and residual unexplained variability 
using a more complex framework of decision rules is 
laid out (Example 6).

Example 1: Continuous evaluation and 
evaluation at a pre-specified timepoint

In this example, the PK follows a simple one-compartment 
kinetics with first-order oral absorption, bioavailability 
(fbio) fixed to 1, and a first-order elimination rate. In this 
basic example, a typical subject is simulated and thus any 
form of variability is excluded. The dose is reduced by 50% 
for all future doses once a threshold is reached.

As shown in the R control script continu-
ous and at pre-specified timepoint, a data 
set [data] is needed, which contains the minimal input 

features that need to be provided to mrgsolve (see supple-
mental material for the practical implementation):

•	 The predetermined dose regimen [dose] using events 
[ev()].

•	 When evaluated continuously (i.e., at the first occurrence; 
Example 1a), nothing else needs to be defined in the data. 
If the evaluation is done at a pre-specified timepoint 
(Example 1b), the definition of the output upon which 
the condition is evaluated should be supplied [evalt]. In 
this basic example, the evaluation is performed at a fixed 
timepoint of 74 h (time = 74) for which an event identifier 
(EVID==33) is provided. Note that this identifier can be 
set to any nonreserved value but can be intentionally num-
bered to be linked to a certain chain of events to support 
bookkeeping. For observation events, the parameters amt, 
ii, addl, and cmt are included to correctly combine events 
but will be ignored in the model code. ID represents the 
subject identifier, and cmt is the observed compartment.

R control script continuous and at pre-
specified timepoint
dose <- ev(amt = 1200, ii = 12, addl = 19)
evalt <- data.frame(time=74,amt=0,ii=0,addl=0, 
cmt=1,evid=33,ID=1)

data <- rbind(as_data_set(dose),evalt)
print(data)

#   time  amt ii addl cmt evid ID

# 1    0 1200 12   19   1    1  1

# 2   74    0  0    0   1   33  1

As shown in the mrgsolve model coding continu-
ous and at pre-specified timepoint, the model 
specification of the PK model (one-compartment, oral ad-
ministration) with the required parameters (firs-torder 
absorption rate constant: KA, clearance: CL, volume of dis-
tribution: V, fbio = 1; note that F_DEPOT is a reserved vari-
able for a library PK model) has:

•	 The condition value at which an intervention needs to 
take place (CP = 100) [condition].

•	 A logical variable keeping track whether the condition 
is met [condition_met]. The condition can be either 
evaluated continuously or at a pre-specified timepoint 
(i.e., EVID==33).

•	 It is stated what is the type of intervention that needs to 
take place when the condition is met (50% reduction of 
the dose via dredf). In the code in the supplemental 
material, it can be seen that dredf is pre-specified in 
the $PARAM line. This allows to control its value out-
side the model code. Note that in subsequent examples 
dredf is specified not in the $PARAM line.

https://mrgsolve.org/vignettes/
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mrgsolve model coding continuous and at 
pre-specified timepoint
$PK

if(condition_met) F_DEPOT = fbio * dredf;

// continuous evaluation of the condition

$ERROR

condition_met = CP > condition || condition_met;

// evaluation of the condition at a pre-specified 

timepoint

$ERROR

condition_met = (EVID==33 && CP > condition) || 
condition_met;

The resulting output of a continuous evaluation of 
the condition (Example 1a, i.e., without coding the 
EVID==33 in the condition_met) is shown in the 
upper panel of Figure 3. Construction of these types of 
plots displaying conditions over time and the intended 
dose reduction factor are highly recommended to check 
if coding is correctly implemented but also to visualize 
the previously chosen criteria and facilitate intermediate 
team discussions.

Once the CP reaches a value of 100, the condition is 
met (condition_met goes from false to true), and the 
dose is reduced by half for all subsequent doses. Note that 
if the CP were to go above 100 a second time, there would 
not be an additional dose reduction; in this basic example, 
the condition has already been met and the dose does not 
change to a lower value.

The lower left panel shows the case where the CP is 
measured only at a pre-specified date or visit (Example 
1b, i.e., at EVID==33). This behavior is included by (1) 
adding flagged visit events in the mrgsolve command sec-
tion and (2) adding the event flag to the coding of the re-
duction in dose (dredf). As a result, the dose is changed 
only after the CP and event condition are met. This can 
be observed in the plot, where the dose reduction factor 
is changed after the pre-specified visit, even though the 
threshold is reached earlier.

Example 2: Evaluation within a 
pre-specified timeframe

Example 1b can be expanded to a situation in which the 
dose reduction takes place within a specific timeframe 
(Example 2). In this case (as shown in the R control 
script within a pre-specified timeframe), 
additional event records are included with a separate 
identifier to mark the end of the evaluation period 
(EVID==34 in stopt). This extra event record allows 

the inclusion of an extra condition in the model code, 
which can be used to restart the dose. Note that this 
event is set to 131.9 and not 132 (e.g., just before the new 
dose is administered). This is done for all future code 
examples and is an important technical requirement to 
track sequence of events. Here this is hardcoded for il-
lustration purposes, and it is independent of the plasma 
concentration rising above the threshold value (see 
Figure 3, lower right panel). The additional mrg-
solve model coding within a pre-specified 
timeframe is shown below.

R control script within a pre-specified timeframe

dose <- ev(amt = 1200, ii = 12, addl = 19)
evalt <- data.frame(time=74,amt=0,ii=0,addl=0, 
cmt=1,evid=33,ID=1)

# note that time of reset is just before upcoming 

dose

stopt <- data.frame(time=131.9,amt=0,ii=0,ad-
dl=0,cmt=1,evid=34,ID=1)

data <- rbind(as_data_set(dose),evalt,stopt)
print(data)

#   time  amt  ii   addl cmt evid ID

# 1   0.0 1200 12   19   1    1   1

# 2  74.0    0  0    0   1   33   1

# 3 131.9    0  0    0   1   34   1

Additional mrgsolve model coding within 
a pre-specified timeframe
$PK

if(condition_met) F_DEPOT = fbio * dredf;

$ERROR

condition_met = (EVID==33 && CP > condition) || 
condition_met;

if(EVID==34) condition_met=false;

Example 3: Inclusion of multiple effect 
markers and evaluation based on one

Example 3 aims to show how to include various compo-
nents (e.g., PK, PD, and safety) and how a safety marker 
can drive a dose modification. In oncology, this applies 
to, for example, safety events, or combinations thereof, 
that lead to dose modifications, for instance, when my-
elosuppression occurs, or when fatigue or vomiting 
events happen. From the simulations, the frequency of 
dose changes, the steady-state dose, the predicted PD 
profile, and any other predictions can be derived to help 
understanding the impact on overall treatment usage if 
dose changes are triggered by one or more (safety) end 
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points. Visualization of the combined results also be-
comes important to show this impact on overall treat-
ment usage.23

In the basic examples, the dose adaptation element 
was solely based on an exposure measure and/or a specific 
timing or timeframe. However, in practice it might not just 
be PK thresholds or metrics that can prompt a dose ad-
aptation, but combinations of PD and/or safety markers 
as well. If there are suitable models to describe the PK, 
PD, and safety markers in the intended population, these 

can be used to define dose adaptation conditions relative 
to certain thresholds or events. In such a setup, it should 
be noted that all separate models are preferably combined 
into a single mrgsolve model. This ensures that changes 
in one marker are directly reflected in all corresponding 
markers during the simulation.

Example 3 presents a single subject where the frame-
work for dose adaptations includes a combination of 
PK, a PD marker (target engagement marker), and a 
safety marker (e.g., myelosuppression). Again, a typical 

F I G U R E  3   Simulated typical concentration-time profile over time for the basic Examples 1a, 1b, and 2. A dose reduction occurs if the 
condition of CP = 100 is met (1) at the first occurrence (upper panel) or (2) evaluated at a specific visit only (lower left panel) or (3) evaluated 
within a pre-specified timeframe (lower right panel). Note that there is no variability included in these basic examples.
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subject is simulated, and any form of variability is not 
included.

In this example, a “safety marker 1” or SM1 is used as 
a criterion for a temporary dose interruption. Critical as-
pects of this design are as follows:

•	 Final model parameter estimates are set within the R 
control script [parm in R control script mul-
tiple markers and evaluations].

•	 Event records are made for dosing [evnt], SM1 evalu-
ation after 3 weeks [evalt], and possible dose restart 
after 4 weeks [stopt].

•	 A safety threshold minimum for SM1 [sm1thresh in 
the Additional mrgsolve model coding mul-
tiple markers and evaluations] is defined 
based on clinical standards and added to the mrgsolve 
model. When the SM1 reaches a value below this level 
at a pre-specified timepoint (at EVID==33), the drug 
dosing is interrupted.

•	 The dosing is temporarily interrupted via dref.
•	 After an interruption of 1 week (168 h), dosing is auto-

matically resumed (at EVID==34).

R control script multiple markers and evaluations

parm <- c(CL = 60, VC = 250, KA = 2.5, Q = 11,  
VP = 440,

	� TEM_BSL = 100, KOUT = 8e-3, EC50 =1.5, EMAX 

= -0.8,

	MTT_SM1 = 130, CIRC0_SM1 = 240, GAMA_SM1 = 

0.3, SLOPE_SM1 = 4e-4)

evnt <- as_data_set(ev(amt = 400*1000, ii = 24, 
addl = 50,tinf=3.5))

evalt <- data.frame(time=504-0.01,amt=0 ,rate=0,​
ii=0,addl=0,cmt=1,evid=33,tinf=0,ID=1)

stopt <- data.frame(time=672-0.01,amt=0 ,rate=0,​
ii=0,addl=0,cmt=1,evid=34,tinf=0,ID=1)

evnt2 <- rbind(evnt,evalt,stopt)
evnt2

#     time   amt     rate ii addl cmt evid tinf ID

# 1   0.00 4e+05 112359.6 24   50   1    1  3.5  1

# 2 503.99 0e+00      0.0  0    0   1   33  0.0  1

# 3 671.99 0e+00      0.0  0    0   1   34  0.0  1

Additional mrgsolve model coding multiple markers 

and evaluations

$PK

F1 = fbio * dredf;

$ERROR

if(EVID==33 && A(9) < sm1thresh) dredf = 0;
if(EVID==34) dredf=1;

The resulting behavior is illustrated in Figure 4. The upper 
panel displays a subject without events; the SM1 levels 
remain above the defined threshold and dosing is main-
tained, whereas in the lower panel, the value for SM1 at 
the pre-specified timepoint is below the threshold and 
dosing is thus withheld for a fixed period of 1 week. SM1 
values rise after dosing is withheld, but even if they do not 
reach the threshold, dosing is restarted anyway because 
the return to normal dosing is hardcoded to occur after 
one week of interruption. For both instances, the resulting 
profiles of the PD marker (target engagement marker) are 
also presented in Figure 4.

Example 4: dose stop and reduction with 
multiple evaluations based on more than 
one safety marker

A positive aspect of this type of framework is its adapt-
ability. It allows testing for more complex dose modifi-
cations driven by one or more (safety) markers. Other 
more complex options for dose reductions or dose in-
terruptions are possible, such as dose hold until one or 
more markers are back above their threshold, or extent 
of dose reduction based on prior dose level and marker 
values at time of dose hold. This is useful, for instance, 
to get insight into the impact on overall treatment usage 
if dose changes are triggered to establish dosing recom-
mendations in relation to safety events. An example of 
such an intricate dose modification schedule based on 
a combination of dose and platelet count is included in 
the prescribing information for ruxolitinib, which could 
have been evaluated during development with such a 
framework.24

In Example 4, a more elaborate implementation is pre-
sented with the combination of a 1-week dose stop due to 
either SM1 and/or safety marker 2 (SM2) dropping below 
their predefined thresholds together with a more complex 
restarting protocol. During the stop week, a reassessment 
is done every 48 h for both safety markers to evaluate 
whether values return above the threshold. The status of 
both safety markers is also evaluated after a week. If after 
a week one of the safety markers is below its threshold, 
the dose is withheld until these criteria are met. If both 
the SM1 and SM2 values returned to safe levels after a 
week, but at two subsequent 48-h evaluations during the 
week the criteria were not met, dosing is restarted with a 
50% reduction in dose. In case the initial dose could be re-
started, independent of the two markers returning to safe 
levels, an additional event ID should be implemented for 
dose restarts. For the current example, this is not done to 
keep it simple. However, this will be shown in subsequent 
examples.
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Critical aspects of this design are as follows:

•	 Separate event records are made in the R control 
script dose stop and reduction for dosing [evnt], 
for weekly dose stop/restart events [dose_stop], and 
events are made for the three evaluation moments (48, 
96, and 144 h) after the start of the dose interruption 
week [eval_a, eval_b, eval_c].

•	 Safety thresholds are set for the SM1 [sm1thresh] 
and for SM2 [sm2hresh]. In the mrgsolve model 

coding dose stop and reduction, when one or 
both safety makers are below their respective thresh-
old at a pre-specified timepoint (at EVID==33), the 
drug dosing is interrupted [dose_stop], and the 
dosing is temporarily interrupted via setting dredf  
to zero.

•	 During the 1-week interruption [dose_stop==true], 
the levels of the safety markers are evaluated every 
48 h (at EVID==34, EVID==35, and EVID==36). 
Depending on whether one or both safety markers are 

F I G U R E  4   Simulated typical pharmacokinetics, safety, and target engagement profiles over time for the framework showing a subject 
without dose adaptation (upper panel) and a subject with a temporary 1-week dose interruption prompted by Safety Marker 1 (lower panel). 
Note that there is no variability included in this example (Example 3).
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(still) below their respective threshold, the evaluation 
events are set to true [eval_a, eval_b, eval_c].

•	 After  week (at EVID==33), the status of the safety 
markers is read out. If two subsequent evaluation 
events [eval_a and eval_b] or [eval_b and 
eval_c] had values below their set thresholds, dosing 
is continued (given the criteria discussed previously) 
after a week with a reduced dose [dose_red==true; 
if(dose_red) dredf = 0.5]. If after a week both 
safety makers are above their thresholds, the previous 
dose level is continued [dredf == 1].

Note that the EVID flags are included at set times, but 
whether these flags are used is dynamic depending on the 
outcome of safety events. Nevertheless, these flags are 
required for bookkeeping purposes. Note that this exam-
ple includes sampling of the residual error for both the 
SM1 and SM2 levels to mimic actual measurements (see 
Appendix S1). During the evaluation moments, the simu-
lated safety maker values include the residual error [SM1_
RE, SM2_RE] and are compared against their respective 
thresholds. Interindividual and interoccasion variability 
is sampled either in R or in the mrgsolve code to enable 
simulation of different individuals.

R control script dose stop and reduction

evnt <- as_data_set(ev(amt = 400*1000, ii = 24, 
addl = 50,tinf=3.56,realize_addl=TRUE))

dose_stop   <- data.frame(time=
seq((7*24),(50*24),7*24)-0.001,

                          amt=0,rate=0,ii=0,​

addl=0,cmt=1,evid=33,tinf=0,ID=1)

eval_a      <- data.frame(time=
seq((7*24)+48,(50*24)+48,7*24)-0.001,

                          amt=0,rate=0,ii=0,​

addl=0,cmt=1,evid=34,tinf=0,ID=1)

eval_b      <- data.frame(time=
seq((7*24)+96,(50*24)+96,7*24)-0.001,

                          amt=0,rate=0,ii=0,​

addl=0,cmt=1,evid=35,tinf=0,ID=1)

eval_c      <- data.frame(time=
seq((7*24)+144,(50*24)+144,7*24)-0.001,

                          amt=0,rate=0,ii=0,​

addl=0,cmt=1,evid=36,tinf=0,ID=1)

evnt        <- rbind(evnt,dose_stop,eval_a,eval_b,
eval_c)

Additional mrgsolve model coding dose stop and 

reduction

$PK

F1 = fbio * dredf;

$ERROR

// First perform the weekly evaluations and set 

the dose_stop flag if necessary (values are below 

threshold)

dose_stop = ((EVID==33) && (SM1_RE < sm1thresh | 
SM2_RE < sm2thresh)) || dose_stop;

// Perform the evaluations if dose stops are in 

place

if(dose_stop==true){

  eval_a    = ((EVID==34) && (SM1_RE < sm1thresh 

| SM2_RE < sm2thresh)) || eval_a; // first evalua-

tion moment

  eval_b    = ((EVID==35) && (SM1_RE < sm1thresh 
| SM2_RE < sm2thresh)) || eval_b; // second evalu-

ation moment

  eval_c    = ((EVID==36) && (SM1_RE < sm1thresh 
| SM2_RE < sm2thresh)) || eval_c; // third evalua-

tion moment

}

// Reduce or stop the dose based on the outcome

if(dose_stop==true) dredf = 0;

if(EVID==33 && ((eval_a==true & eval_b==true) | 

(eval_b==true & eval_c==true))) dose_red = true;

// Notice here that dose is only restarted in case 

values are above threshold, otherwise dose is 

withheld

if(EVID==33 && (SM1_RE > sm1thresh & SM2_RE > sm-

2thresh) && dredf==0){

  dose_stop = false;

  dredf = 1;

  if(dose_red) dredf = 0.5;

}

A potential outcome of this example is illustrated in 
Figure 5. The output for SM1 is such that its value drops 
below the threshold after 2 weeks, and consequently dos-
ing is withheld. During the week of the dose stop, the 
three evaluations show that the safety markers do not rise 
above their threshold at two subsequent 48-h evaluations. 
At the weekly evaluation they are above their threshold, 
so the dose can be restarted, but the outcome of the 48-h 
evaluations results in a dose reduction as seen in the dose 
reduction factor.

Example 5: weekly versus three weekly 
evaluations of end points

In the previous example, evaluations were done every week. 
Another option is to initially have an evaluation every week 
for the first 3 weeks and subsequently shift the evaluation 
to once every 3 weeks. Within this design (Example 5), a 
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counter is used to enable evaluations every 3 weeks, which 
still requires an event every week (EVID==33) to keep 
track of a potentially dynamic dose interruption rhythm. 
Although this seems like a simple addition to Example 
4, the start of the “new” period can deviate based on the 
occurrence of a dose stop at Week 3. To do this, multiple 
flags are used and evaluated. The first flag tracks whether 
the three weekly evaluations have started [threewkeval 
in Additional mrgsolve model coding weekly versus 
three weekly evaluations]. The second flag keeps 

track of the week number [weekno], which is important to 
initiate the three weekly evaluations and to shift the three 
weekly evaluations based on any dose stop event during 
the weekly evaluations and/or thereafter.

Critical aspects of this design are as follows: 

•	 The three-week switch [threewkeval] starts after 
three (TIME==504 & …) or after four (TIME==672) 
weeks depending on a dose stop (… & F1! = 0) at 
Week 3.
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F I G U R E  5   Simulated pharmacokinetics, safety, and target engagement profiles over for the advanced framework, with scheduled eval-
uations within a fixed dose interruption period based on more than one safety marker (Example 4). This example includes interindividual, 
interoccasion, and residual unexplained variability. A single subject is shown here. The dense output of the simulation is shown in gray, and 
the sampling at the evaluation moments for the safety markers are presented by the black symbol (×).
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•	 During the first 3 weeks [if(threewkeval==-
false)], there is a weekly evaluation (at EVID==33) 
to check whether the SM1 or SM2 drop below their re-
spective thresholds. If so, the dose is stopped [dose_
stop] via dredf as in Example 4 with an evaluation 
every 48 h. If there is a dose stop during the first or sec-
ond week, this does not influence the start of the three 
weekly evaluations; if there is a dose stop required at the 
third week, this will shift the start of the three weekly 
evaluations by 1 week, that is, [threewkeval] remains 
false and is reevaluated at Week 4 (TIME==672). Either 
way, at Week 4 the previous dose will be restarted or a 
dose reduction takes place.

•	 Once the three-weekly evaluation starts, the week 
number [weekno] is tracked to indicate when the 
3 weeks ended to check the status of the safety mark-
ers. If more than 3 weeks have passed or when a dose 
stop is required during this three-weekly period, 
this counter is reset to 1, or the former to again track 
3 weeks, for the latter to be able to shift the three weekly 
evaluations relative to the required 1-week dose stop. 
Notice that the [threewkeval] remains true and is  
not reset.

R control script weekly versus three weekly 

evaluations

no additional changes needed to the R code compared 

to Example 4

Additional mrgsolve model coding weekly versus 

three weekly evaluations

$ERROR

// the three-week switch starts after three or 

after 4 weeks depending on a dose stop at week 3

if((TIME==504 & F1!=0) || TIME==672) 

threewkeval=true;

// handling of weekly or 3 weekly evaluations is 

split out

if(threewkeval==false){

  dose_stop = ((EVID==33) && (SM1_RE < sm1thresh | 

SM2_RE < sm2thresh)) || dose_stop;

}else{

  if(EVID==33) weekno = weekno &#x002B; 1;

  // this is the actual time for evaluations/dose 

stops - take into account the sequence here!!

  if(EVID==33 & weekno > 3) dose_stop = ((EVID==33) 

&& (SM1_RE < sm1thresh | SM2_RE < sm2thresh)) || 

dose_stop;

  if(weekno>3) weekno = 1;

  if(dose_stop) weekno = 1;

}

Figure 6 presents a potential outcome for this example. During 
the first 3 weeks, the safety markers are evaluated each week. 
At Week 3 (TIME==504), the SM1 drops below its thresh-
old and the dose is stopped. As a result of the dose stop, the 
three weekly evaluations do not yet start as F1 is effectively 
set to zero. A week thereafter, at Week 4 (TIME==672), the 
three weekly evaluations do start, and the safety markers are 
evaluated again. At Week 5 (TIME==840), the safety mark-
ers are again evaluated and are both above their thresholds 
with two subsequent 48-h evaluations also above the thresh-
olds. Therefore, the previous dose is given. Notice that subse-
quently the week-number counter is increasing every week. 
Two weeks later, the dose is stopped as SM1 drops below its 
threshold and based on the outcome of the 48-h evaluations, 
at Week 8 (TIME==1344) there is again an evaluation mo-
ment, which now results in a dose reduction, that is, at the 
weekly evaluation the levels are above their threshold, but two 
subsequent 48-h evaluations were not.

Example 6: a full adaptive dose simulation 
framework including variability, 
covariates, and residual unexplained 
variability

A possible full adaptive dose simulation framework includ-
ing variability, uncertainty, covariates, and residual unex-
plained variability is presented in Example 6. It combines 
the PK, PD (target engagement marker), and three safety 
markers. Fukae et al present an example, including graphs 
summarizing the outcome, where the exposure–response 
for multiple efficacy and safety end points was used to justify 
the clinical dose of valemetostat for adult T-cell leukemia/
lymphoma.25 The models for PK, PD, and safety can con-
tain expressions for within- and between-subject variability, 
covariate relationships, parameter uncertainty, and residual 
unexplained variability. In the supplemental material, mrg-
solve and R codes are provided. This framework combines 
multiple technical elements from the previous examples 
with the set of decision rules visualized in Figure 7.

These decision rules in Figure 7 illustrate that within 
the first 3 weeks, SM1 and SM2 are evaluated weekly to 
assess whether they are below their respective threshold 
values (Evaluate). After 3 weeks, the frequency of these 
evaluations is changed to once every 3 weeks and an as-
sessment for Safety Marker 3 (SM3) is done, for which 
events are described using a logistic function. If some-
where during the first 3 weeks a safety event occurred for 
this third marker, the dose is stopped for a fixed duration 
of 1 week (one-time fixed 7-day interruption). If SM1 and/
or SM2 drop below their respective threshold during the 
weekly evaluations, the following is done: the dose is 
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stopped, and during that Week 3 evaluation moments are 
performed every 48 h (fixed 7-day interruption1). If two 
consecutive evaluations during this week remain below 
threshold, the dose is stopped for another week (fixed 7-
day interruption2), otherwise dosing is continued with the 
same dose. When the dose is stopped for another week, 
three evaluations are again done every 48 h. If at the end 
of the second dose stop Week 2 consecutive measure-
ments during that week remained below threshold, the 
treatment is stopped (stop treatment). The decision rules 

in Figure  7 show that if two consecutive measurements 
are above threshold after that second week, the dose is re-
duced and restarted (first or second dose reduction). This 
dose reduction can take place twice.

Various complexities are implemented here that can 
be found in the supplemented code. The example is not 
discussed in further detail, but the important learning is 
to have events within the event data set to account for all 
possible options that may occur. Herein, the sequence of 
events is extremely important. Furthermore, the events 

F I G U R E  6   Simulated pharmacokinetics, safety, and target engagement profiles over time for the advanced framework, with weekly and 
three weekly evaluations depending on the status of the safety markers (Example 5). This example includes interindividual, interoccasion, 
and residual unexplained variability. A single subject is shown here. The dense output of the simulation is shown in gray, and the sampling 
at the evaluation moments for the safety markers are presented by the black symbol (×); Week nr, week number.
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should be picked up by the model to implement the logic 
described previously. Within the supplied R script there 
are plots coded to look at the dynamics of the various 
markers and event switches. In the code provided in the 
supplemental material, the sequence with respect to tim-
ing is important, for example, does it occur just before 
or after a dose and if two events take place at the same 
time, does one have to be set before the other? Note that 
the numbering in general is arbitrary and only important 
for bookkeeping, although including a logical numbering 
greatly aids understanding the sequence of events. The 
following events are defined:

•	 33: weekly evaluation for dose stop (just before dosing)
•	 34: reset for weekly evaluation for dose stop (just before 

dose stop evaluation)
•	 35: Evaluation Moment 1 during dose stop (just before 

dosing)
•	 36: Evaluation Moment 2 during dose stop (just before 

dosing)
•	 37: Evaluation Moment 3 during dose stop (just before 

dosing)
•	 38: reset for previous dose stop and evaluation moments 

(just after dosing)
•	 39: evaluation of first dose reduction (before dosing and 

weekly evaluations)
•	 40: evaluation of second dose reduction (before dosing 

and weekly evaluations)
•	 41: evaluation of dropout due to SM3

The code could be further expanded to have an evalua-
tion of the dose stop every 48 h instead of weekly and, de-
pending on the outcome, the dose could then be reduced or 
continued immediately. This would present a more dynamic 
design in which treatment is not withheld for a week per se.

CONCLUDING REMARKS

The adaptive dose simulation framework offers the oppor-
tunity to explore the impact of starting dose and event-
driven dose and regimen changes on clinical end points. 
One of the advantages of such a framework lies in that it 
supports timely and informed decisions (such as for dose 
selection) by using early clinical data in an integrated as-
sessment. Moreover, it allows the exploration of dosing 
regimens (for both monotherapy and combinations) that 
potentially better balance benefit and (chronic) adverse 
effects and find effective dose modification strategies 
that minimize the unscheduled dose interruptions, and it 
can provide insights on whether special populations may 
need different dosing strategies. As such, in silico explo-
ration can prioritize dosing regimens for future testing 
and thus reduce the risk for patients to be exposed to regi-
mens that either provide limited benefit or unacceptable 
risks. Moreover, it can provide insights into the steady-
state dose requirements and the utilization of the various 
dose strengths that can be useful for clinical supply and 
manufacturing planning. This adaptive dose simulation 
framework does have a broad applicability in the context 
of dose optimization, in particular for, but not limited to, 
compounds that have a narrow therapeutic index, such as 
often is the case in the oncology space.6,26 With the highly 
needed reformation of the dose optimization and dose se-
lection paradigm in oncology drug development, such a 
framework can help focus on maximizing clinical benefit 
and minimizing (chronic) adverse effects.3–7

One approach to maximize the opportunity for thera-
peutic benefit is to ensure that patients do have sufficient 
exposure to the drug by measuring the drug exposure 
through therapeutic drug monitoring. This is particularly 
relevant for compounds that may have large PK variability 

F I G U R E  7   Decision rules for a full adaptive dose simulation framework. *Evaluations for Safety Marker 1 (SM1) and Safety Marker 2 
(SM2) are done weekly during the first 3 weeks, after that evaluations are done once every 3 weeks. Safety Marker 3 (SM3) is evaluated once 
after 3 weeks. **Within the interruption period (1 week), a sample is taken at 48 h. If event is resolved, treatment continues; if not, a second 
and/or a third sample is taken. If this continues for more than a week, the dose is reduced or treatment is stopped. ***First dose reduction, 
and after dose has been reduced once there can be a second reduction.
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or a narrow therapeutic index. Well-known examples are 
digoxin in heart failure, cyclosporin after organ transplan-
tation, and phenytoin for seizures. Although not com-
monly used, it has also been investigated in oncology for 
kinase inhibitors.27,28 In other cases, the dose may need to 
be carefully titrated in patients to carefully attain the de-
sired effect and/or to minimize adverse effects. An exam-
ple is the individualized hemoglobin-level guided dosing 
strategy to treat anemia with erythropoietin stimulating 
agents or Hypoxia-inducible factor inhibitors in which the 
hemoglobin baseline and the rate of change during treat-
ment determine the starting dose and dose modifications, 
respectively.29

This tutorial has introduced various general and 
technical aspects that could be part of an adaptive dose 
simulation framework, which could aid development 
of compounds benefiting from dose modifications to 
manage tolerability or address suboptimal efficacy. The 
examples should be considered as a starting point and 
are appropriate to investigate drugs based on (longitudi-
nal) changes in their efficacy and safety profiles and can 
prompt dose switches or (temporary or permanent) dose 
interruptions. Basic to more advanced examples are pre-
sented, highlighting the flexibility to combine multiple 
end points (PK/PD/safety), which can lead to dose adap-
tations. In addition, models for PD or safety end points 
that are included in the simulation framework may need 
to be based on an appropriate analysis that takes into 
account actual dose modifications during treatment.30

Beyond the impact that the dose simulation frame-
work has on the selection of dosing regimens and explor-
ing effective dose modification strategies, the practical 
benefit is that it enhances team engagement and opti-
mizes the extraction, and combination, of information 
from various sources. With that, professionals with di-
verse backgrounds and interests are brought to a similar 
(minimum) knowledge level and discuss outcomes in an 
integrated fashion. There also lies the opportunity in the 
ability to (re-)use models and/or to inform these models 
based on (pre)clinical data ahead of clinical trials. Infor-
mation is captured and attained knowledge is preserved. 
Considerable time is saved for the user, by implemen-
tation of standard scripts and code, which facilitates 
timely support to the decision-making. Furthermore, 
the ability to provide insight of the influence of (clin-
ical) decision criteria (vs.) compound characteristics/
pharmacology (and vs. other drugs and/or combinations 
of drugs) will provide earlier insight into what develop-
ment directions might be beneficial. Ultimately, such a 
framework could assist in benefit to the patient, such 
as early dose optimization (also in combination setting) 
or individualization of dosing requirements for special 
populations.
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